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We present a stacked buffer mechanism for heteroepitaxial growth with large lattice mismatch. The
stacked buffer consists of constituent layers, which can form coincident lattices at layer/layer and
layer/substrate interfaces. For the case of GaN-on-Si~111! heteroepitaxy, we utilize the 1:2 and 5:2
coincident lattices formed at the b-Si3N4(0001)/Si(111) and AlN(0001)/b-Si3N4(0001)
interfaces, respectively, to facilitate the double-buffer layer for GaN-on-Si heteroepitaxial growth.
By using this buffer technique, we resolve the issue of autodoping resulting from Si outdiffusion
when grown with a single AlN~0001! buffer. As a result, the epitaxial quality of GaN film is also
significantly improved. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1629384#Group-III-nitrides-on-silicon heteroepitaxy1–6 has re-
cently been demonstrated to be a viable alternative for grow-
ing group-III-nitride films for optoelectronica and microelec-
tronic device applications.7–12 The reason that GaN-on-Si
heteroepitaxy is feasible is due to the possible lattice match-
ing of hexagonal wurtzite epitaxial films and diamond or
zinc-blende ~111! crystal faces. However, GaN-on-Si~111!
heteroepitaxy constitutes a large 120.4% in-plane lattice
mismatch @[(aSi2aGaN)/aGaN ; aGaN(0001)53.189 Å;
aSi(111)53.840 Å# and a large thermal expansion mismatch.
Fortunately, using a buffer layer satisfying coincident lattice
conditions can alleviate the lattice mismatch. For example, a
5:4 lattice coincidence between AlN~0001! @aAlN(0001)
53.112 Å# and Si~111! can reduce the lattice mismatch
from 123.4% ~tensile strain! to an effective lattice mismatch
of 21.3% ~compressive strain!. As a result, two-dimensional
smooth heteroepitaxial growth mode was found to be pos-
sible due to the reduced strain.13–15
To date, among all the reported buffer layers for GaN-
on-Si heteroepitaxy, the AlN buffer layer approach yields the
best results reported in the literature, leading to the demon-
stration of high-brightness light-emitting diodes on Si.7–10
However, the mutual solubility of Al and Si is very high at
the buffer-layer growth temperature ~;820 °C versus eutec-
tic temperature 577 °C!. Therefore, interdiffusion of Al and
Si at the interface is severe, resulting in high unintentional
doping levels in the epilayers and Si substrates.16,17 To over-
come this serious drawback, a closely or coincidently
matched diffusion barrier interlayer is needed. b-Si3N4 is an
ideal candidate for this purpose since ~1! single-crystal
b-Si3N4 can be easily prepared by nitridation of Si, ~2!
b-Si3N4(0001) lattice coincidently matches ~1:2! with the
Si~111! plane, and ~3! it is a very effective material for dif-
fusion barrier. In this letter, we report the combined use of
AlN and b-Si3N4 layers for high-quality heteroepitaxy of
GaN on Si, which can solve the difficulty of autodoping and
improve the epitaxial quality.
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molecular-beam epitaxy ~MBE! apparatus ~DCA-600 MBE
System, DCA Instruments! equipped with a nitrogen plasma
source ~ADDON!. Three-inch Si~111! wafers ~boron-doped
p-type! were chemical etched before loading into the MBE
chamber. Si wafers were further thermally degassed in situ to
remove the remaining thin oxide layer at high temperature.
Si wafers prepared by this process showed a clear ~737!
surface reconstruction at high temperature, confirmed by the
reflection high-energy electron diffraction ~RHEED! pattern
at ;800 °C @Fig. 1~a!#. The substrate temperature was cali-
brated by observing the ~737!↔~131! phase transition of
Si~111! surface at 875 °C. In our study, two different buffer-
layer systems for GaN growth on Si~111! substrates were
prepared for comparison. Both samples consist of an AlN
buffer layer with a thickness of 30 nm. The only difference is
that one sample contains a single-crystal b-Si3N4 layer
~;1.5–2.0 nm in thickness! before the AlN layer growth.
The 30-nm-thick AlN buffer layers were grown epitaxially at
820 °C. The 240-nm-thick GaN epitaxial layers were grown
on the buffer layers at a lower substrate temperature
~720 °C!. After the MBE growth, the grown GaN surface
~cooled to 500–600 °C! showed a ~232! reconstruction pat-
tern under the nitrogen flux, indicating a Ga polar surface.
In previous studies,18 we have confirmed that by intro-
duction of active nitrogen species ~thermally cracked NH3!
while the Si~111! surface remained slightly higher than the
~737!↔~131! phase transition temperature, single-crystal
~434! surface reconstructed @alternatively, ‘‘~838!’’ recon-
structed in terms of the Si~111! lattice parameter#
b-Si3N4(0001) layer can be formed on the Si substrate. Fig-
ure 1~b! shows the ‘‘~838!’’ reconstructed RHEED pattern
after introducing the active nitrogen plasma to Si~111! sur-
face at 900 °C for about 30 s. RHEED pattern shows that
here are two different orderings on b-Si3N4(0001). Accord-
ing to the structural model proposed by Ahn et al.,18 one
ordering corresponds to the topmost ‘‘~8/338/3!’’-ordered
nitrogen adatoms and the other corresponds to the ‘‘~838!’’
surface reconstruction supercell. The growth of AlN buffer
layer in the double-buffer-layer system was started on the0 © 2003 American Institute of Physics
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Downnitrogen-terminated Si3N4 reconstruction surface. After 15 s
of Al deposition @corresponding to the amount of Al to form
1 monolayer of AlN~0001!# on the Si3N4 surface at ;500 °C
without the active nitrogen flux and then annealed at 700 °C,
AlN~0001!-~131! ordering appeared in the streaky RHEED
pattern as shown in Fig. 1~c!. This result indicates that Al
atoms are bound with the topmost N adatoms to form a very
thin AlN layer and the surface is very smooth. It is important
to note that the reciprocal space periodicities with respect to
the bulk b-Si3N4 and AlN crystalline directions are coinci-
dently matched, as indicated by the RHEED pattern @Fig.
1~c!#.
Figure 1~d! shows a streaky RHEED pattern after 10 min
~30 nm thick! AlN growth at 840 °C, and indicates that the
resulting AlN buffer layer has a smooth surface and is of
high film quality. Figure 1~e! shows the RHEED pattern of
the subsequently grown GaN layer ~240 nm thick!. The GaN
epilayer grown by this method also has a smooth surface
morphology and high crystalline quality, as demonstrated by
the streaky RHEED pattern, and was confirmed by ex situ
measurements. From the in situ and surface-sensitive
RHEED measurements, we can determine that 1:2 and 5:2
coincident lattice interfaces are formed at
b-Si3N4(0001)/Si(111) and AlN(0001)/b-Si3N4(0001) in-
terfaces, respectively. In addition, the epitaxial orientation
relationships in our work are consistent with that reported in
FIG. 1. RHEED patterns @~a!–~e!# and corresponding growth sequence for
GaN growth on Si~111! with bilayer buffer. ~a! Initial Si~111!-~737! recon-
struction surface. ~b! Si3N4(0001)-‘‘~838!’’ reconstruction surface. ~c! AlN
surface after forming 1 monolayer AlN on the ‘‘~838!’’ surface. ~d! 30-nm-
thick AlN surface after AlN growth on Si3N4 at 820 °C. ~e! 240-nm-thick
GaN surface after GaN growth on the bilayer buffer at 720 °C. The electron-
beam azimuth is along the Si@1¯10# direction (iGaN/AlN@21¯1¯0#).loaded 08 Oct 2010 to 140.114.72.127. Redistribution subject to AIP liprevious studies.1,13,14,18 It is tempting to perform heteroepi-
taxy of GaN using a single b-Si3N4 layer ~without AlN
buffer!. However, we have found that the resulting growth is
rough and polycrystalline.
The impurity distribution in the growth direction can be
detected by secondary ion mass spectroscopy ~SIMS!. In or-
der to investigate the autodoping effects while GaN is grown
on the Si~111! substrate using an AlN buffer layer, we mea-
sured the depth profiles of Al and Si ion signals near the
epilayer/buffer/substrate interface regions. Figures 2~a! and
2~b! show the SIMS spectra of Al and Si depth profiles in
GaN grown on Si~111! using two different buffers. The
depths of SIMS data are referenced relative to the buffer/
Si~111! substrate interfaces. SIMS spectra show that the ul-
trathin b-Si3N4 layer effectively inhibits the Si diffusion into
III-nitride layers as well as Al diffusion into the Si substrate
at high growth temperatures. The measured Si and Al ion
signals are nearly one order of magnitude smaller in the ep-
ilayer and the Si substrate.
Figure 3 compares the optical properties of GaN films
grown on two different buffers. The low-temperature ~LT!
photoluminescence ~PL! spectra indicate that the full width
at half-maximum ~FWHM! of the neutral-donor-bound exci-
ton (D0X) luminescence peak of the GaN film grown on
AlN/Si3N4 /Si(111) is smaller than that of the film grown on
AlN/Si~111!. In general, the PL linewidth is temperature de-
pendent, arising from excitonic interactions with phonons.
However, at very low temperatures, the LT-PL linewidth
mainly depends on the scattering due to crystal imperfections
and impurities. Therefore, it can be used as a good indicator
for the crystalline quality of the epilayer. The decrease in the
FIG. 2. SIMS depth profiles near the buffer/substrate interface regions for
samples grown with AlN/Si3N4 bilayer buffer ~a! and AlN buffer ~b!. The
solid arrows in SIMS profiles indicate the lowest Si ion signals in the AlN
and GaN epilayers. In addition, the dashed arrows indicate the lowest Al ion
signals in the Si substrates.cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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DownFWHM of D0X emission peak ~12 versus 20 meV! is con-
sistent with the deduction of dislocation density (73108 ver-
sus 1.13109 cm2) measured by atomic force microscopy
~AFM!. Although AFM measures only certain dislocation
types, we have confirmed that the measured density is pro-
portional to the total dislocation density. The inset in Fig.
3~a! displays the PL spectra of GaN grown on
AlN/Si3N4 /Si(111) at different temperatures, indicating that
the dominant PL peak changes to the free exciton ~FX! emis-
sion at increasing temperatures ~higher than 70 K!. In con-
trast to this behavior, for the single-buffer sample, the D0X
peak is monotonically changed and can be followed up to
room temperature. This observation is consistent with the
SIMS results; that is, the GaN film grown on AlN/Si3N4 /
FIG. 3. LT PL spectra of GaN epilayers grown on Si~111! with different
buffers. Inset displays the temperature dependence of the main luminescence
peak position measured with the GaN epilayer grown on
AlN/Si3N4 /Si(111). ~b! Arrhenius plots of the luminescence intensities of
free exciton ~FX! grown on the AlN/Si3N4 buffer ~.70 K! and neutral-
donor-bound exciton (D0X) grown on the AlN buffer ~7 K to 300 K!. The
solid lines correspond to the fits with one ~FX! and two (D0X) thermal
activation energies.loaded 08 Oct 2010 to 140.114.72.127. Redistribution subject to AIP liSi(111) contains fewer Si impurities. Figure 3~b! are the
Arrhenius plots of the luminescence intensities of FX in GaN
grown on the bilayer buffer and D0X in GaN grown on the
AlN buffer. From the Arrhenius plots, the activation energy
of FX (EX) in GaN grown on AlN/Si3N4 /Si(111) obtained
by fitting the thermal activation relation is ;25 meV, in good
agreement with the reported value for FX in undoped GaN.
And, the activation energies of nonradiative recombination
of D0X in GaN grown on AlN/Si~111! can be fitted by using
two thermal activation energies (Ea1 and Ea2). The obtained
values of Ea1 and Ea2 correspond well to the known local-
ization energy (E loc’6 meV) and donor binding energy
(ED’29 meV) of Si impurities in GaN.
To summarize, we have found that AlN~0001!,
b-Si3N4(0001), and Si~111! can form coincident lattices at
the interfaces. In addition, an ultrathin ~;1.5 nm! b-Si3N4
interlayer is demonstrated to be very effective in blocking
Si/Al interdiffusion during the growth of III-nitrides on
Si~111!. Both factors contribute to the high epitaxial quality
of GaN films grown on Si~111! using AlN/b-Si3N4 bilayer
buffer.
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